The herpes simplex virus type 1 genome (160 kilobases) contains three origins of DNA synthesis: two copies of oris located within the repeated sequences flanking the short unique arm (Us), and one copy of OriL located within the long unique arm (UL). Precise localization and characterization of oriL have been severely hampered by the inability to clone sequences which contain it (coordinates 0.398 to 0.413) in an undeleted form in bacteria. We report herein the successful cloning of sequences between 0.398 to 0.413 in an undeleted form, using a yeast cloning vector. Sequence analysis of a 425-base pair fragment spanning the deletion-prone region has revealed a perfect 144-base pair palindrome with striking homology to oris. In a functional assay, the undeleted clone was amplified when functions from herpes simplex virus type 1 were supplied in trans, whereas clones with deletions of 55 base pairs or more were not amplified.
The herpes simplex virus type 1 (HSV-1) genome is a 160-kilobase pair (kb) linear duplex DNA molecule consisting of two components, L and S. The L component consists of unique sequences (UL) flanked by the inverted repeated sequences ab and b'a', whereas the S component consists of unique sequences (Us) flanked by inverted repeated sequences ac and c'a' (Fig. 1A) (26, 46) . The "a" sequence is present as a direct repeat at both molecular termini and in inverted orientation at the L-S junction (9, 22, 38, 56) .
Attempts to localize the origin(s) of viral DNA synthesis within the structurally complex HSV-1 genome have involved studies of both standard and defective genomes. Electron microscopic studies of replicating standard wildtype viral DNA extracted from infected cells have been interpreted to suggest that the genome contains two origins of viral DNA synthesis, one near the middle of UL and the other near one molecular terminus (20. 27) .
Indirect evidence supporting the existence of two origins comes from studies of defective molecules of HSV-1 which are generated during serial passage of the virus at high multiplicities of infection. Defective DNA molecules fall into two classes, class I and class II, each consisting of tandem duplications of small subsets of viral DNA sequences. Class I defective genomes contain sequences from the "c" repeats which bracket Us (16-18, 32, 33, 36) , whereas class II defective genomes contain sequences from Ul (16, 19, 32, 45) (Fig. IB) . Both classes also contain the "a" sequence which specifies a site for the cleavage of viral DNA concatamers during encapsidation (40, 55) . By analogy with the defective genomes of other DNA viruses, all of which contain origins of DNA synthesis. the existence of two distinct subsets of viral DNA sequences in defective HSV-1 genomes suggests that the genome contains three origins of DNA synthesis: two in diploid "c" sequences (ois), and one in UL (oriL) (Fig. IB) .
Direct evidence that the repeat units of class I and II * Corresponding author. defective genomes contain origins of replication was first provided by Frenkel and her colleagues (49, 55) . These investigators demonstrated that monomeric units of class I and II defective DNAs are amplified to generate tandemly repeated DNA structures when cotransfected with wild-type HSV DNA which provides essential helper functions in trans. In these experiments, the progeny of cotransfections were serially passaged for several generations before they were assayed for the presence of concatameric defective DNA molecules.
The localization of on5is to the "c" repeats flanking Us was accomplished by using cloned HSV-1 fragments as seed units in the presence or absence of superinfecting wild-type helper virus (39, 51) . In these experiments, the use of cloned DNA fragments permitted more accurate definition of the input DNA than was possible with the use of monomeric units of defective DNAs which may contain rearrangements (11) . Moreover, in both studies (39, 51) , amplification of cloned fragments was assessed within 24 to 48 h after transfection, thereby minimizing the possibility of generating rearrangements which could occur during serial passage.
Stow and McMonagle (52) have fine-mapped oniS to a 100-base pair (bp) fragment which lies between the 5' ends of two divergently transcribed immediate-early mRNAs. ori1 has been inferred to lie within a 3.4-kb segment of viral DNA spanning map coordinates 0.360 to 0.413 (49) (Fig. 1E ). We and others have observed deletions of 100 to 650 bp when fragments spanning these coordinates are cloned into conventional plasmid or lambda cloning vectors in Escherichia coli (49, 58 [29] ). The precise 5 Analytical and preparative quantities of bacterial and yeast plasmid DNA were isolated by the method of Birnboim and Doly (2) . Preparative quantities were further purified by banding in cesium chloride-ethidium bromide gradients.
Restriction enzyme digestion and electrophoresis. Viral and recombinant DNAs were digested to completion with restriction enzymes, using the prescribed buffers. Procedures used for agarose gel electrophoresis and Southern blot hybridization have been described previously (58 (30) . Analysis of the recombinant clones was carried out either on the single-copy integrated form or on the multicopy plasmid after induction and replication. In the latter case, plasmid DNA was extracted and purified as described above.
The Bacillus subtilis cloning system of Gryczan et al. (23) (37) . The sequence of the deleted clones was determined in a similar manner except that, after the kinase reaction, the DNA was digested with the second enzyme before electrophoresis; thus, only one preparative gel was required to obtain the appropriate fragment.
Approximately 300 residues could be read on one sequencing gel. The existence of clones with 55-to 210-bp deletions enabled us to read to the end of the 425-bp fragment; for example, to sequence a fragment with a 210-bp deletion in its entirety entailed reading only 215 residues from the labeled end.
Transfection of CV-1 cells. CV-1 cells of low passage (<40)
were plated in 60-mm2 dishes at a density of 106 cells per dish and incubated at 37°C for 24 h, at which time they were approximately 50% confluent. Four hours before transfection, the medium was aspirated and replaced. The DNA to be assayed (10 to 100 ng) was mixed with salmon sperm DNA such that the final DNA concentration was 20 We have observed undeleted forms of recombinant plasmids upon initial cloning in E. coli; however, upon subcloning these uniformly give rise to deleted forms. Thus it appears that the sequences between 0.398 and 0.413 are not stable to cloning in E. coli. Although the sizes of the deletions typically range from 100 to 120 bp, deletions are large as 650 bp have been observed. The smallest deletion observed in a conventional plasmid vector (55 bp) is found in the recombinant clone pKEF-P4 (Fig. 1F ). This clone was propagated in the recombination-deficient E. coli strain RDP145 (3), which is defective in the recA protein and the sbcB product, exonuclease I.
In an effort to clone the sequences between 0.398 and 0.413 in an undeleted form, we initially utilized two less conventional cloning systems. First, the B. subtilis cloning system developed by Gryczan et al. (23) (Fig. 1G) . Three integrated XSV2 recombinant plasmids, XSV2-PS2, -PS3, and -PS4, were induced to replicate autonomously and were analyzed to determine whether they contained the entire PstI-SalI fragment in an undeleted form.
DNAs from clones pKEF-P4, XSV2-PS2, -PS3, and -PS4, pSUB6, and wild-type KOS DNA were digested with BstEII and BamHI and analyzed by gel electrophoresis and Southern blot hybridization (Fig. 2) . KOS DNA (lane F) contains a BstEII-BamHI fragment which migrates as though it were 425 bp in length (see Fig. 3 ), whereas pKEF-P4 (lane A), XSV2-PS2, -PS3, and -PS4 (lanes B, C and D), and pSUB6 (lane E) produced BstEII-BamI-I fragments which migrated as though they were smaller than the equivalent KOS fragment by 55, 55, 150, 210, and 55 bp, respectively. Thus, the deletions observed in three of the five clones (pKEF-P4, XSV2-PS2, and pSUB6) are the same size (55 bp (Fig. 3) . The HSV-1 BamHI V fragment (map coordinates 0.398 to 0.413) was inserted into the single BamHI site on the vector as described above, and the hybrid plasmid was used to transform yeasts. The DNA from one transformant, TA1499, was analyzed by restriction enzyme digestion and Southern blot hybridization (Fig. 2 Fig. 4B ). The availability of the two labeled forms of this fragment allowed the sequence of both strands to be determined. between symmetrical arms of the palindrome could generate the hairpin structure shown in Fig. 6D . The locations of six short (6-bp) direct repeats within each arm of the palindrome are shown in Fig. 6B and D. In Fig. 6C these short direct repeats are displayed to reflect an inner region of dyad symmetry within each half of the 144-bp palindrome. Based on this inner dyad symmetry, intrastrand base pairing could generate the unusual secondary structure shown in Fig. 6E . Figure 6D also illustrates the extensive base bias of different regions of the palindrome. The center of symmetry of the palindrome consists of 20 consecutive adenine (A) and thymine (T) residues (region I). The middle portion of the hairpin consists of a moderately guanine-cytosine (G-C)-rich region in which 17 of 30 residues, or 57%, are Gs or Cs (region II) and a second stretch of 13 residues which are exclusively As and Ts (region III). In contrast, only 32 of 38 residues (84%) at the base of the hairpin are G or C (region IV). Given that the overall base composition of HSV DNA is approximately 67% G+C (33% A+T), the base composition of regions I and III reflects considerable A-T bias and that of region IV reflects considerable G-C bias.
Limits of the deleted sequences. The DNA sequence of three of the deleted clones, pKEF-P4, XSV2-PS3, and XSV2-PS4, was determined to locate the limits of the sequences deleted (Fig. 7) . All three clones lack all or part of the 144-bp palindrome and all are deleted in the center of symmetry of the palindrome. Moreover, the deletions in all three occur between short (3-to 6-bp) direct repeats ( Fig. 5 and 7) . The deletion in pKEF-P4 occurs between the direct repeats labeled " '5" in Fig. 6B, D , and E and thus lies totally within the 144-bp palindrome. The significance of this observation is discussed below.
Functional analysis of clone p1499. To determine whether the deletion-prone region contains an origin of DNA synthesis as has been suggested by Spaete and Frenkel (49), we next performed an experiment with clone p1499 similar to the one developed by Stow (51) for oris. A sufficient quantity of closed circular DNA from clone p1499 propagated in yeast cells was unavailable at the start of this experiment; however, as mentioned above, we had previously noted that undeleted forms of recombinant plasmids could be transiently observed in E. coli after transformation with DNA containing an undeleted form of the deletion-prone region.
Therefore, we used p1499 DNA propagated in yeasts, which appeared to be undeleted, to transform the recombinationdeficient E. coli strain RDP145. The DNAs from four resulting colonies (9-1, 9-2, 9-10, and 9-12) and the DNAs from KOS and an additional deleted clone, pKOS-BV, were digested with BamHI and SmaI and analyzed by Southern blot hybridization (Fig. 8A) . The DNAs from colonies 9-1 and 9-2 contained deletions in the 430-bp SmaI-BamHI fragment (a fragment colinear with, and 5 bp longer than, the BstEII-BamHI fragment discussed above; Fig. 3 ) of either 55 of 150 bp marked A and AA, respectively. DNA from colonies 9-10 and 9-12 yielded fragments (marked with an arrow) which migrated with the same mobility as the wildtype KOS DNA fragment (Fig. 8A) and therefore appeared to be undeleted. As anticipated from the instability of this DNA in E. coli, DNAs from colonies 9-10 and 9-12 also yielded fragments which contained deletions of 55 and 150 bp. DNA from clone pKOS-BV yielded a fragment which migrated as though it contained a 55-bp deletion.
DNAs from colonies 9-1 and 9-2 (containing deletions of 55 and 150 bp, respectively), from colonies 9-10 and 9-12 (containing substantial amounts of the undeleted 430-bp fragment), from vector pA257pl, and from pKOS-BV (containing a 55-bp deletion) were used to transfect CV-1 cells. Transfected cells were either superinfected with HSV-1 to supply essential functions in trans or they were mock superinfected. The dot blot hybridization shown in Fig. 8B demonstrates that DNAs from colony 9-2, pA257pl, and pKOS-BV were not amplified, with or without superinfection with HSV-1, whereas DNAs from colonies 9-10 and 9-12 were amplified considerably after superinfection. The DNA from colony 9-1 may have been amplified slightly. This limited amplification may be due to residual undeleted p1499 DNA in the DNA of colony 9-1, or alternatively, it may indicate that certain 55-bp deletions retain the ability to be amplified. We favor the former explanation since DNAs from both pKOS-BV (Fig. 8B) and pKEF-P4 (data not shown), which also contain 55-bp deletions, failed to be amplified. Although we have yet to demonstrate by sequence analysis that the major DNA species of clone p1499 present in colonies 9-10 and 9-12 is free of very small deletions, we feel that the ability of this DNA to be amplified suggests that, if a small deletion exists, it does not appear to (41) with DNA from p1499 which had been propagated in yeast cells. Ampicillin-resistant colonies were obtained, and DNA was extracted as described by Birnboim and Doly (2) . DNAs from four such colonies, 9-1, 9-2, 9-10, and 9-12, and DNAs from wild-type strain KOS and the plasmid pKOS-BV were digested with BamHI and Smal and subjected to electrophoresis on a 1.2% agarose gel. DNAs were transferred to nitrocellulose paper and hybridized to 32P-labeled HSV DNA corresponding to the 425-bp BstEII-BamHl fragment described in the legend to Fig. 4 . The undeleted forms of the 430-bp BamHI-SmaI fragment are marked with arrows (4); the deleted forms are marked with A (55-bp deletion) or AA (150-bp deletion). All bands larger than 430 bp in DNA from colonies 9-1, 9-2, 9-10, and 9-12 represent partial digestion products. (B) Dot hybridization of cellular DNA extracted from CV-1 cells transfected with deleted and undeleted forms of p1499 DNA propagated in RDP145. Transfections were performed as described in the text, and transfected cells were either superinfected (+HSV) or mock superinfected (-HSV) with wild-type HSV-1, strain KOS. The amounts of plasmid DNA used for transfection of CV-1 cells were 13, 19, 19, 19, 38 , 100, and 50 ng for 9-1, 9-2, 9-10, 9-12, 9-12, pA257pl (V), and pKOS-BV, respectively. affect the amplification function. These results suggest that a cis-acting sequence essential for origin function (oriL) is present within UL between coordinates 0.398 and 0.413. In addition, the failure of at least one clone, pKEF-P4 (which is deleted between bases 228 and 290), to be amplified suggests that sequences within the deleted region are essential for origin function.
DISCUSSION
In this paper we describe the cloning in an apparently undeleted form of a deletion-prone region of HSV-1 DNA, using a yeast cloning vector, pA257pl. The vector, which was constructed by inserting the entire pBR322 sequence and the yeast leu2 gene into the endogenous 2,um circle plasmid of yeasts, can be propagated in yeast cells and in E. coli. The successful cloning of the deletion-prone region in yeasts supports the conclusions of Szostak and Blackburn that certain inverted repeats which are unstable in E. coli are stable upon cloning in yeast cells (54) . Thus 
1- The inability to maintain long palindromic sequences in a variety of cloning vectors in E. coli has been reported by several laboratories (7, 21, 24, 25) . Like, others, we have observed that attempts to clone such sequences in E. coli result in the generation of spontaneous deletions which often remove sequences near the center of symmetry of the palindrome (6, 7, 24, 25) . These deletions occur most frequently between short (4 to 10 bp) direct repeats which are near the center of the palindrome (24, 25) . This feature is shared by other types of deletion and excision events. For instance, spontaneous deletions in the ltcI gene of E. coli, and precise and nearly precise excision of transposons, occur almost exclusively between short direct repeats (1, 14) .
The molecular basis for the instability of DNA sequences upon cloning and the mechanisms of deletion formation are unknown. Two models have been proposed to explain these phenomeria: the first involves the generation of singlestranded intermediates that form during DNA replication. This model, which was originally proposed by Streisinger et al. (53) , suggests that "slipped mispairing" during DNA synthesis might be involved in deletion formation (15) . The second model proposes that recombination enzymes play a role in the formation of deletions, perhaps through the recognition of cruciform DNA configurations by enzymes which cleave at Holliday structures (35, 50) . Double-strand breaks in the DNA at this type of structure may then be highly recombinagenic and stimulate recombination between short direct repeats. Evidence that recombination enzymes may play a role in the formation of deletions has been provided by Leach and Stahl (35) , who showed that the simultaneous absence of two recombination nucleases, the recBC product (exonuclease V) and the sbcB product (exonuclease I), confers viability on a derivative of phage A carrying a perfect palindrome. Our results also suggest the involvement of recombination enzymes in that the smallest stable deletions occurred in bacteria which are deficient in two recombination functions, recA and sbcB. We are currently testing the strains described by Leach and Stahl for their ability to maintain the HSV palindrome in an undeleted form.
Sequence of the deletion-prone region. We have determined the sequence of a 425-bp fragment spanning the deletionprone region of HSV-1 DNA (Fig. 5) . The most remarkable features of this sequence are (i) the presence of a 144-bp perfect inverted repeat and (ii) the existence of a series of short direct repeats within the palindrome. These features permit the sequence to be drawn as either of two secondary structures ( Fig. 6D and E) reflecting outer and inner dyad symmetry, respectively. It is unlikely that the structure shown in Fig. 6E occurs in vivo; however, the presence and spacing of the regions of inner symmetry shown in Fig. 6C may reflect recognition sites of a DNA-binding protein to both strands of the DNA. Although the significance of the existence of symmetrical sequences within a region of symmetry is unclear, it is notable that a similar structure occurs within the bidirectional origin of DNA synthesis of phage X (28) . The significance of the nonrandom clustering of ATand GC-rich regions within the palindrome is also unclear; however, such extensive base bias is a feature shared by several other origins of DNA synthesis including those of bacteriophage (4X174 and X), animal viruses (Epstein-Barr virus, simian virus 40, and polyoma virus), and yeasts.
Comparison of the palindromic sequences of oriL and oris.
Another striking feature of the sequence of oriL is its remarkable similarity to the sequence of oris (42, 52, 57) . Stow and McMonagle (52) have localized oris to a 100-bp sequence within the "c" repeats which contains all elements necessary for origin function. oriL contains an almost perfect 45-bp palindrome whose etnter of symmetry, like that of oriL, is composed predominantly of A and T residues (42, 57) .
When the sequence of oris is compared with the palindrome found in oriL, aligning the two sequences at their centers of symmetry, considerable homology between the two is apparent (Fig. 9) . Ninety of 144 bases are common to both oriL and oris, the majority of shared bases lying near, and to the left of, the center of symmetry (Fig. 9A) . Right-hand flanking sequences are divergent.
With regard to symmetry, the outer symmetry of oriL is a perfect 144-bp palindrome, whereas that of oris is consider- (60) . This functional element has been mapped to a 1.8-kb region which contains a family of 30-bp tandem repeats at one end and a 62-bp region of dyad symmetry at the other end (D. Reisman, J. Yates, and B. Sugden, personal communication). The region of dyad symmetry is approximately 67% AT rich, whereas the total base composition of the Epstein-Barr virus genome is only 42% A + T; this feature is similar in this respect to the oriL and oris sequences of HSV which also contain AT-rich regions.
Also notable is the observation that oris is flanked by two divergently transcribed immediate-early mRNAs and oriL is flanked by two divergently transcribed early mRNAs (those which specify the major DNA-binding protein and the DNA polymerase [29; Fig. 1 (12, 31, 48) . Finally, the high concentration of A and T residues at the centers of the oriL and oris palindromes and the proximity of these origins to temporally regulated transcription units are also shared by yeast origins of DNA synthesis (5, 34) .
Evidence that the deletion-prone region functions as an origin of DNA synthesis. That the deletion-prone region between coordinates 0.395 and 0.413 functions as an origin of viral DNA synthesis is supported by three lines of evidence. First, as mentioned above, monomeric units of class II defective genomes containing DNA between coordinates 0.360 and 0.413 are amplified after several generations to prod4ce tandemly repeated DNA structures when cotransfected with wild-type helper DNA (49) . Second, when a deleted clone was used by Spaete and Frenkel in similar cotransfection experiments, the deleted clone could be amplified after several generations. In this case, the deleted sequences had been restored in the amplified structure, presumably as a result of recombination with wild-type DNA. The latter experiment strongly suggests that a cis-acting element required for the amplification of the "seed unit" is present within the region deleted in the original clone. Third, our results indicate that after transfection undeleted clones of this region (coordinates 0.398 to 0.413) are amplified within 48 h of transfection if functions required in trans are provided by superinfection. Our experiments differ from those of Spaete and Frenkel (49) , however. In their experiments, the progeny of cells cotransfected with the fragment to be tested and HSV DNA were serially passed for several generations before DNA was examined for amplified sequences. In contrast, our protocol is similar to that used by Stow and McMonagle (52) to map oris. Cells were transfected with undeleted, cloned DNA and superinfected with wild-type virus. Total cellular DNA was harvested 24 h later and analyzed for the presence of amplified sequences. Using this assay system, we have shown that clones which contain deletions of 55 or 150 bp within the palindromes were not amplified, whereas undeleted clones were. Taken together, the results of these experiments provide compelling evidence that cis-acting sequences essential for origin function are present within UL between coordinates 0.398 and 0.413 and, more specifically, that sequences within the palindrome are essential for this function.
